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Abstract
Facial expressions offer an ecologically valid model for examining individual differences in affective decision-making.
They convey an emotional signal from a social agent and provide important predictive information about one’s environ-
ment (presence of potential rewards or threats). Although some expressions provide clear predictive information (angry,
happy), others (surprised) are ambiguous in that they predict both positive and negative outcomes. Thus, surprised faces
can delineate an individual’s valence bias, or the tendency to interpret ambiguity as positive or negative. Our initial negativ-
ity hypothesis suggests that the initial response to ambiguity is negative, and that positivity relies on emotion regulation.
We tested this hypothesis by comparing brain activity during explicit emotion regulation (reappraisal) and while freely
viewing facial expressions, and measuring the relationship between brain activity and valence bias. Brain regions recruited
during reappraisal showed greater activity for surprise in individuals with an increasingly positive valence bias.
Additionally, we linked amygdala activity with an initial negativity, revealing a pattern similarity in individuals with nega-
tive bias between viewing surprised faces and maintaining negativity. Finally, these individuals failed to show normal ha-
bituation to clear negativity. These results support the initial negativity hypothesis, and are consistent with emotion re-
search in both children and adult populations.
Key words: ambiguity; emotion regulation; amygdala; pattern similarity; habituation
Introduction
Among the extensive and varied catalog of social interactions,
humans are often faced with the task of interpreting another
person’s social signals. Facial expressions are nonverbal signals
of emotion which can be predictive of motivationally relevant
variables in the environment (Ekman and Friesen, 1971).
Although some expressions (happy, angry) provide clear pre-
dictive information, other expressions are less clear. For ex-
ample, surprised facial expressions may be associated with
both pleasant (surprise party) and unpleasant (witnessing a car
accident) outcomes. Without a clarifying context, individuals
must rely on personal experiences and biases in order to make
decisions about the valence of these faces. Along these lines,
ratings of surprised relative to angry or happy expressions com-
prise longer reaction times and larger variability across individ-
uals (Neta et al., 2009; 2013; Neta and Tong, 2016). This
variability in ratings of surprised faces provides insight into a
stable, trait-like individual difference in valence bias (the ten-
dency to interpret surprised faces as positive or negative).
Despite individual differences in ratings of emotional ambi-
guity, initial responses toward ambiguous stimuli tend to be
more negative compared with delayed responses (Kim et al.,
2003; Kaffenberger et al., 2010; Neta and Whalen, 2010; Neta
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et al., 2011; Neta and Tong, 2016). For example, reaction times
are longer when rating ambiguous cues as positive compared
with negative (Neta and Tong, 2016), and surprised faces are
detected more quickly as an oddball among positive (happy)
compared to among negative (angry) faces (Neta et al., 2011).
Other work has shown that faster visual processing of surprised
faces results in more negative interpretations (Neta and
Whalen, 2010), and that positive ratings are associated with a
strong attraction toward the competing (negative) response op-
tion (Neta et al., in preparation).
Taken together, our working model suggests that the initial
response to the emotional ambiguity of surprised faces is nega-
tive, and that positive interpretations may require some regula-
tory mechanism that overrides this initial negativity. Indeed,
domain-general cognitive control regions are recruited when
participants make decisions in an effort to resolve ambiguity
(Neta et al., 2013, 2014), suggesting that some form of top-down
control or regulatory process is important for processing ambi-
guity. However, there is no evidence to suggest that this mech-
anism allows for positivity bias (overriding negativity), or that it
is related to emotion regulation per se. Other work has shown
that a more negative interpretation of surprise is associated
with activity in the amygdala, whereas a more positive inter-
pretation is associated with activity in medial prefrontal cortex
(Kim et al., 2003), a region that is structurally connected with the
amygdala (Price, 2005) and regulates the amygdala in some
instances (Ochsner and Gross, 2005; Urry et al., 2006; Winecoff
et al., 2011; Silvers et al., 2016). However, little has been done to
directly link valence bias with emotion regulation, which is the
focus of the present work.
As described above, most of the previous work testing the
initial negativity hypothesis has focused on demonstrating that
negativity is faster and likely first, and has relied on behavioral
measures. A goal of the present study, therefore, was to provide
evidence for both the initial negativity and the regulation
needed for positivity using converging neuroimaging methods.
First, we identified regions that are recruited during an explicit
emotion regulation task, and examined brain activity in these
regions when viewing surprised faces as a function of valence
bias. We hypothesized that if the positive valence bias relies on
emotion regulation, then there would be greater activity in
these regions in individuals with an increasingly positive bias.
Second, we employ a multivariate neuroimaging approach
that has been increasingly used to explore patterns of brain ac-
tivity associated with a particular stimulus or behavior
(Kriegeskorte et al., 2008; Kriegeskorte and Kievit, 2013). As
opposed to more traditional univariate analyses, which are
often used to identify brain regions recruited under specific con-
ditions, multivariate approaches such as pattern similarity
examine activity patterns associated with those conditions
(Hsieh et al., 2014; Kragel and Labar, 2016). This approach has
been recently used to demonstrate that patterns of amygdala
activity reflect emotional valence (Jin et al., 2015) and learning
(Visser et al., 2015). However, this research is limited with re-
spect to individual differences in processing emotional ambigu-
ity. One study related amygdala patterns to anxiety-related
biases in processing morphed expressions (Bishop et al., 2015),
but did not probe responses to the more ecologically valid intact
surprised facial expressions. Given that we propose the initial
response is negative, we hypothesized that individuals with a
more negative valence bias would show similar patterns of
amygdala activity for free viewing expressions of surprise as for
maintaining negative affect (as opposed to downregulating that
negativity).
Finally, one important feature of amygdala activity is that it
tends to decrease with repeated exposures to clear negativity
(i.e . habituation; Breiter et al., 1996; Whalen et al., 1998, 2001;
Phelps et al., 2001; Phillips et al., 2001; Wright et al., 2001;
Somerville et al., 2004). Interestingly, individual differences in
amygdala activity are often lost when examining activation
magnitudes (Schuyler et al., 2014), but the change in activity
over time (habituation) has been shown to relate to stable indi-
vidual differences. For example, slower habituation to negative
stimuli is associated with decreased well-being (Davidson,
2004), more inhibited temperament (Blackford et al., 2013), and
greater trait anxiety (Hare et al., 2008) and PTSD (van den Bulk
et al., 2016). Here, we will build on these findings by examining
habituation to clear negativity as a function of individual differ-
ences in valence bias. We hypothesized that individuals with a
more negative bias, like those high in trait anxiety, will show
weaker amygdala habituation.
Materials and methods
Participants
We tested 57 participants (28 female; ages 17–30 years, mean
age¼ 20.8, s.d.¼ 2.93) who were right-handed, had no history of
psychological or neurological disorders, and were not taking any
psychotropic medication. Additionally, all participants were
Caucasian to control for any cross-race effects when making
judgments about emotional expressions of Caucasian faces.
Three participants were excluded because they failed to provide
accurate ratings of clearly valenced faces (angry, happy) on at
least 60% of trials, as in previous work (Neta et al., 2009, 2013,
2018; Neta and Tong, 2016; Brown et al., 2017). Three additional
participants were removed because they did not complete the
neuroimaging portion of the task, resulting in a final sample of 51
participants (26 female; ages 17–30 years, mean age¼ 20.7,
s.d.¼ 2.93). The local Institutional Review Board approved all re-
search protocols, and participants gave written informed consent
prior to testing in accordance with the Declaration of Helsinki.
Procedure
Session 1: assessing valence bias. We used E-Prime software
(Psychology Software Tools, Pittsburgh, PA, USA) in all behavioral
testing. In Session 1, participants performed a task to assess their
baseline valence bias in which they viewed images of happy,
angry, and surprised faces and rated (via keyboard press) each
image as positive or negative. Images included 34 discrete identi-
ties, with 14 of them (7 females, ages 21–30 years) taken from the
NimStim Set of Facial Expressions (Tottenham et al., 2009) and 20
of them (10 females, age 20–30 years) taken from the Karolinska
Directed Emotional Faces database (Goeleven et al., 2008). Stimuli
were presented for 500 ms with an interstimulus interval of
1500 ms. Each block of stimuli included 24 images (eight of each
expression) presented in a pseudorandom order, and blocks were
counterbalanced between participants (see Figure 1 for a depic-
tion of tasks). We calculated the valence bias for each participant
using percent negative ratings of surprised faces (i.e. the percent
of trials a face was rated as negative out of the total number of
surprised faces presented, excluding omissions).
Session 2: magnetic resonance imaging. One week later, partici-
pants returned for a follow-up session in the magnetic reson-
ance imaging (MRI) scanner. Participants freely viewed blocks of
faces in four runs: two runs with blocks of surprise and blocks
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of neutral faces, then two runs of fear and neutral blocks.
Because of the study’s primary focus on surprised faces, and to
prevent possible priming effects of the fearful faces, blocks con-
taining only surprise expressions always preceded the blocks
containing fear expressions. It is also worth noting that, al-
though we examined neural responses to fear, we did not col-
lect subjective ratings of fear faces at any point. However, our
other work that has used surprised and fearful faces interleaved
(e.g. Neta and Whalen, 2010; Neta and Dodd, 2018; Neta et al., in
preparation) has shown that participants responded to fear con-
sistently negatively, whereas there was a range of individual
differences in response to surprise.
We used a new set of faces from the Umea˚ University
Database of Facial Expressions (Samuelsson et al., 2012), and
included four male and four female identities. The same neutral
expressions were presented in surprise and fear runs. Each
block contained 32 faces (in a pseudorandom order) with each
face shown for 200 ms, followed by a fixation cross for 300 ms,
as in previous work (Kim and Whalen, 2009). There were 14 s of
fixation between blocks. Each of the four runs included six
blocks of faces with three blocks of emotion (surprised or fear-
ful) and three blocks of neutral expressions, and the order of
blocks was counterbalanced between participants.
Following this free viewing task, participants performed an
explicit emotion regulation task that focused on the reappraisal
strategy. Given that surprised faces have a dual valence ambi-
guity (both positive and negative interpretations are valid), par-
ticipants are thought to be overriding the initial negativity by
following a more positive (re)interpretation of the expression. In
other words, a positive bias is not likely the result of distancing
or suppressing the negative interpretation, but rather by inter-
preting the expression as having a positive meaning. We
adopted an fMRI paradigm (Phan et al., 2005) in which we asked
participants to regulate their emotions as they viewed images
of negatively valenced scenes from the International Affective
Picture System (IAPS) (Lang et al., 1997). In half of the blocks,
participants were asked to maintain their initial response to the
images (Maintain), whereas in the other half of the blocks, they
were asked to regulate their natural response so that they expe-
rienced less negative, or potentially positive, emotion
(Reappraise). Importantly, before beginning the emotion regula-
tion task, we trained participants on how to complete the
Maintain and Reappraise task, and participants completed one
of each block as practice. The images used in these practice
blocks differed from the 80 images used in the task. For the
emotion regulation task, Maintain and Reappraise blocks
occurred in a pseudorandom order, counterbalanced between
participants. Stimuli were presented in eight blocks per run
(four per condition), where each block contained 4000 ms pre-
sentations of five consecutive images. At the end of each block,
participants had 4000 ms to rate via button press their level of
negative affect on a scale from 1 (least negative) to 5 (most
negative). To calculate a reappraisal success score for each par-
ticipant that accounted for the intensity of the negative affect in
the ‘natural’ response reported during Maintain blocks, we com-
puted the difference between the average Maintain and
Reappraise score for each participant, and then multiplied this
value by their Maintain score.
MRI acquisition and processing
Scan parameters. All MRI scans were performed on a Siemens 3 T
Skyra scanner using a 32-channel head coil at the University of
Nebraska-Lincoln, Center for Brain, Biology & Behavior. We
acquired structural images using a T1-weighted MPRAGE se-
quence with the following parameters: TR¼ 2.2 s, TE¼3.37 ms,
Fig. 1. Depiction of behavioral tasks. The valence bias task was completed a week prior to scanning. Participants viewed happy, angry and surprised faces, and rated
each face as positive or negative. In the MRI, participants passively viewed a new set of faces (i.e. not overlapping with the valence bias task, despite the overlap shown
here due to copyright issues). There were two runs with blocks of surprised and neutral faces, and two runs with blocks of fearful and neutral faces. The emotion regu-
lation task, also in the MRI, included blocks with instructions to “maintain”, and others to “reappraise” the response to negatively valenced scenes (IAPS). After each
block, participants rated their negative affect on a scale of 1–5. Images shown here were not the actual stimuli, but rather they were pulled from the public domain.
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slices¼ 192 interleaved, voxel size¼ 1.0 1.0 1.0 mm, matrix ¼
256 256 mm, FOV¼ 256 mm, flip angle¼ 7, total acquisition
time¼ 5:07. While participants freely viewed faces, we tracked
blood oxygen level-dependent (BOLD) activity using an EPI se-
quence with the following parameters: TR¼ 2.5 s, TE¼30 ms,
slices¼ 42 interleaved, voxel size¼ 2.5 2.5 3.0 mm,
matrix¼ 88 88 mm, FOV¼ 220 mm, flip angle¼ 80, total acqui-
sition time¼ 3:24. Slices were acquired parallel with the inter-
commissural plane, and the volume positioned to cover the entire
brain. We used identical parameters for the emotion regulation
task, except the total acquisition time was increased to 6:49.
MRI preprocessing. We analyzed imaging data using MATLAB
(The MathWorks) and the Analysis of Functional Neuroimages
(AFNI) suite of programs (Cox, 1996). The first four volumes
acquired were discarded to allow for equilibration. We corrected
for incidental head motion by registering all BOLD volumes to
the minimum outlying anatomical volume and blurring the
images with a 6.0 mm (full width at half maximum) Gaussian
filter. To perform group-level analyses, we warped each partici-
pant’s scans to a Talairach template atlas (Talairach and
Tournoux, 1988) using linear transformation and re-sliced the
images to 3.0 mm isotropic voxels. We normalized the function-
al data by dividing the signal of each voxel by the mean inten-
sity of the same voxel in a time series and multiplying by 100,
thereby using voxel-wise percent of the mean intensities in re-
gression analyses. We used a general linear model with a boxcar
block design consisting of six motion regressors (three rotation-
al and three translational vectors) and task-related regressors.
For the task of free viewing faces, one model included Fear,
Neutral and Surprise regressors, while another included Early
Fear, Late Fear, Early Neutral, Late Neutral, Early Surprise and
Late Surprise regressors. We defined Early stimuli as items pre-
sented during the first of two runs for that expression (surprise
or fear), and Late as those that were presented in the second of
two runs. For the emotion regulation task, the model included
two regressors—Maintain and Reappraise—in addition to the
six motion regressors. Nuisance regressors were also included
to model slow temporal drifts. Given the different lengths of the
runs, the blocks of freely viewed faces modeled a linear and
quadratic trend, whereas the longer emotion regulation runs
contained an additional cubic trend, the application of which
was roughly equal to 0.0026 Hz highpass filtering. Volumes in
which there was a significant motion event (>0.3 rotation)
were excluded from the GLM. All regressors were convolved
with a canonical hemodynamic response function.
To isolate neural responses to emotional expressions and to
compare activity for Fear and Surprise, we used the Neutral tri-
als associated with each particular run as a baseline in all of our
analyses involving facial expressions, as in previous work (Kim
et al., 2003; Kim and Whalen, 2009). In the emotion regulation
task, fixation served as a baseline, and we calculated activity for
Reappraise and Maintain blocks compared with baseline.
Defining regions of interest. Regions of interest (ROIs) were
defined based on effects observed during the explicit emotion
regulation task. First, we isolated functional amygdala clusters
by calculating voxels across subjects that had a significant task
(Maintain plus Reappraise) vs baseline effect during the emotion
regulation task. To identify voxels in the amygdala most active
during the emotion regulation task, a voxel-wise threshold
P-value <1.0 1011 (uncorrected) was used. This strict thresh-
old was used to isolate only the most sensitive regions of
the amygdala to enhance the interpretability of the results
(Woo et al. 2014). This resulted in clusters in left (Talairach: 20,
2, 13) and right (Talairach: 32, 2, 16) amygdala consisting of
17 and 62 voxels, respectively.
We also isolated brain regions that were active for explicit
emotion regulation, specifically relying on a Reappraise >
Maintain contrast. Clusters were corrected for multiple compar-
isons by implementing a series Monte Carlo simulations on the
functional data using AFNI’s 3dClustSim as implemented in the
“3dttestþþ” command to estimate noise. This method is a non-
parametric approach which, across 10 000 iterations, simulates
noise by randomizing the sign of residual data and calculating
cluster sizes. These estimates are used to generate cluster form-
ing probabilities. Using this method, clusters were considered
significant at the P <0.05 level if exceeding a P <0.001 threshold
across 29 contiguous (face-touching) voxels. Anatomical label-
ing of clusters was conducted using the Eickoff-Zilles (Eickoff
et al., 2007) macro level atlas as implemented in AFNI. This ana-
lysis resulted in nine significant ROIs (Table 1; Figure 2A). To
characterize the relationship between these nine ROIs, we con-
ducted an unweighted pair group method with arithmetic mean
(UPGMA) hierarchical clustering analysis (Sneath and Sokal,
1973). We included b weights for Reappraise and Maintain trials
contrasted with baseline as well as Fear and Surprise trials con-
trasted with Neutral trials in the clustering analysis. This div-
ided the ROIs into groups according to their response in both
tasks (Figure 2B). Because the prevailing literature suggests a
negative correlation between amygdala and prefrontal regions
(Hariri et al., 2003; Lieberman et al., 2007; Etkin et al., 2010), par-
ticularly during reappraisal (Ochsner et al., 2002; Goldin et al.,
2008; Drabant et al., 2009; Kim et al., 2011), we tested regions that
(i) were closely related in their response across tasks and (ii)
had a negative correlation with amygdala during emotion regu-
lation. The average b weights for the ROIs in each of these four
clusters were correlated with the b weights from the left and
right amygdala. The first cluster of ROIs, which included the
right middle frontal, right posterior middle frontal region, med-
ial superior frontal region and left middle frontal, correlated
negatively with the amygdala, whereas the three other clusters
correlated positively with the amygdala (Figure 2C). Having
identified the first cluster as our primary ROIs, we tested corre-
lations of activity in these regions with behavioral measures
(i.e. reappraisal success and valence bias). Given that the distri-
bution of valence bias scores was not normally distributed
(according to the Shapiro–Wilk test), and the distribution of re-
appraisal scores contained outlying data (>3 s.d. above the me-
dian) all correlations used Spearman’s rank correlation.
Pattern similarity analysis. To probe the relationship between
emotion regulation and valence bias in the amygdala, we per-
formed a pattern similarity analysis on amygdala activity com-
paring individuals with a positive vs negative valence bias.
Amygdala activity patterns were defined as the b weights from
Surprise, Maintain and Reappraise trials across each individual
voxel within amygdala masks across trials for each participant.
Pearson correlations were calculated for patterns of amygdala
activity between Maintain and Surprise, and between Reappraise
and Surprise trials for each subject. Then, we tested the relation-
ship between pattern similarity for each individual subject and
both measures of reappraisal success and valence bias.
Psychological–physiological interaction. The previously described
analyses aimed to investigate individual differences in
reactivity to facial expressions in regions negatively associated
with amygdala activity across individuals. One possibility is
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that individual differences in valence bias may be related
to differences in functional connectivity in the amygdala.
Indeed, it has been demonstrated that one single area may not
be explicative of the cognitive functions underlying the process-
ing of a stimulus, instead the strength of the connections may
vary and be more informative (Pessoa, 2014; Diano et al., 2017). A
psychological–physiological interaction (PPI) analysis was con-
ducted, aimed at identifying regions functionally connected to
the amygdala for Surprise relative to Neutral trials. Here, BOLD
activity from the bilateral amygdala was multiplied with a box-
car regressor modeling Surprise (þ1) greater than Neutral (1),
convolved with the HRF, and treated as a regressor in a GLM,
which otherwise included regressors modeling trial onsets and
nuisance regressors. The b values associated with this PPI re-
pressor thus represented the difference in functional connectiv-
ity between Surprise relative to Neutral trials. To identify
Fig. 2. Regions sensitive to the explicit emotion regulation task. (A) Activation map showing increased activity for Reappraise relative to Maintain trials. A total of nine
regions survived threshold (k¼29, P<0.001). (B) UPGMA hierarchical clustering of the 9 regions, using their averaged bs for Maintain and Reappraise relative to baseline, as
well as Surprise and Fear trials relative to Neutral. Based on this hierarchical clustering analysis, these nine regions were divided into four cluster groups. (C) Regions from
each cluster were correlated with amygdala activity for the Reappraise>Maintain contrast. Only the first cluster (blue) showed a negative correlation with amygdala.
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clusters of BOLD activity showing this condition-specific con-
nectivity with the amygdala, b values were submitted to a one-
sample t-test, and cluster thresholds determined using Monte
Carlo simulations (as described above). As an additional ex-
ploratory analysis, these b weights were correlated with valence
bias separately at each voxel using a Spearman rank correlation
across all participants. Multiple comparison corrections for
these correlation coefficients was accomplished using a cluster-
extent (k¼ 13) and cluster-wise (P ¼ 0.001) threshold, calculated
based on random field theory (Friston et al., 1994; Hayasaka and
Nichols, 2003) according to the voxels sizes and spatial smooth-
ing parameters used in this study.
Results
Behavioral
Valence bias task. Valence ratings—characterizing valence bias. The
dependent measure we used was percent negative ratings.
Participants rated angry faces as negative (Mean¼95.5, s.d.¼6.6;
range¼75–100), and happy faces as positive (Mean¼6.2, s.d.¼8.9;
range¼0–38). In contrast, there were individual differences in
ratings of surprised expressions (Mean¼59.1, s.d.¼24.4;
range¼0–100), which represented the baseline valence bias for
each individual.
Reaction time. Given that the focus of this study was to examine
responses to surprised faces, the clearly valenced (happy and
angry) expressions were included only to serve as anchors for
participants’ ratings of ambiguity. As such, we focus our behav-
ioral analyses on the surprised faces, as in previous work (Neta
et al., 2013). We correlated valence bias and reaction times,
which revealed a significant negative correlation [r(49)¼0.454;
P¼0.001], such that individuals with a more positive valence
bias took longer to rate surprised expressions.
Valence ratings over time. Because we were interested in the rela-
tionship between habituation and valence bias, we divided this
task into two halves and compared ratings of Surprise for each
half across groups. Specifically, we calculated a difference score
for percent negative ratings in the second half of trials minus
the first half of trials, representing increased negativity over
time. We correlated this difference score with valence bias,
which revealed a significant positive correlation [r(49)¼0.397;
P¼0.004; Figure 3], such that individuals with a more negative
bias showed an increase in negativity over time.
Emotion regulation task. Reappraisal success was calculated as
the Maintain – Reappraise ratings multiplied by the Maintain
rating, where high values represented high reappraisal success
(i.e. greatest decrease in negativity from Maintain to
Reappraise, accounting for the level of negativity when asked to
simply Maintain). The average reappraisal success was 5.9620
(s.d.¼3.4776; range¼0.2812–16.8750).
Imaging
Neuroimaging evidence of the initial negativity hypothesis.
Reappraise >Maintain activity within the first cluster of regions
correlated negatively with activity in the amygdala (Figure 2C).
This inverse relationship with the amygdala is considered a
marker of emotion regulation. Averaging across the four ROIs in
this cluster, we compared Reappraise b values to individual
differences in reappraisal success and valence bias in order to
further support a link between activity in these regions and
these behavioral measures. There was a trend for a positive
correlation between reappraisal success and Reappraise BOLD ac-
tivity across participants [r(49)¼0.2645; P¼0.0607], indicating that
those with more activity in regions sensitive to the explicit emo-
tion regulation task were more successful at explicit reappraisal
of negatively valenced images. However, Reappraise BOLD
activity was not related to valence bias [r(49)¼0.2024, P¼0.1544].
Table 1. ROIs with significant effects for Reappraise>Maintain
ROI Voxels Peak x Peak y Peak z Peak Voxel z stat
1. Medial Superior Frontala 975 8 11 54 5.63
2. L Inferior Frontal (p. Triangularis) 167 52 20 14 5.16
3. R Middle Frontal 116 20 50 30 4.29
4. L Angular Gyrus 109 44 62 24 4.45
5. R Posterior Middle Frontal 84 38 10 44 5.18
6. R Inferior Frontal (p. Triangularis) 70 52 26 14 4.03
7. R Cerebellum (Crus I) 67 34 50 28 4.81
8. R Inferior Frontal (p. Orbitalis) 42 40 26 10 4.27
9. L Middle Frontal 33 32 50 14 4.82
All voxels contain Ps<0.05 corrected. Coordinates are in Talairach space. Clustered are anatomically labeled using the Eickoff-Zilles macro label atlas provided as
implemented in AFNI.
aPeak-z value coordinates of the third local maxima, representative of this extensive, bilateral cluster.
Fig. 3. Change in valence bias over time. Individuals with a more negative va-
lence bias showed increased negativity in their ratings over time.
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Next, we tested the relationship between activity in each of
the individual ROIs during free viewing of surprised relative to
neutral faces and both reappraisal success and valence bias.
Activity to freely viewed surprised faces in the right
[r(49)¼0.3380, P¼0.0153] and left middle frontal region
[r(49)¼0.3539, P¼0.0108; Figure 4A] as well as the right posterior
middle frontal region [r(49)¼0.3112, P¼0.0262] was positively
related to reappraisal success, indicating that individuals that
were better able to explicitly regulate their emotions showed
more activity in these bilateral frontal cortical regions in re-
sponse to surprised faces. The medial superior frontal region
was not related to reappraisal success [r(49)¼0.1946, P ¼0.1712].
Activity in the left [r(49)¼0.2818, P¼0.0451; Figure 4B], but
not right [r(49)¼0.1395, P¼0.3289], middle frontal region was
negatively correlated with valence bias, such that those who
rated surprised faces as more negative had less activation of
this emotion regulation region when freely viewing surprised
faces. Activity in the right posterior middle frontal
[r(49)¼0.1078, P¼0.4513] and the medial superior frontal
[r(49)¼0.0904, P¼0.5283] regions were not correlated with va-
lence bias.
Pattern similarity analysis. Next, patterns of amygdala activity
were compared between Surprise b values and the b values for
Maintain and Reappraise by correlating the b weights across all
amygdala voxels for each participant separately. These two in-
dices of pattern similarity from each participant were compared
with valence bias. Similarity scores between Surprise and
Maintain were positively correlated with valence bias in the
right [r(49)¼0.2838, P¼0.0436; Figure 5] but not left [r(49)¼0.1399,
P¼0.3277] amygdala, such that those who rated surprise more
negatively showed more similar right amygdala activity when
freely viewing surprised faces and when maintaining their nat-
ural or initial affective response during the explicit emotion
regulation task. Similarity scores between Surprise and
Reappraise b values were not correlated with valence bias in ei-
ther the left [r(49)¼0.1172, P¼0.4127] or right [r(49)¼0.1670,
P ¼0.2414] amygdala.
Individual differences in valence bias and amygdala habituation. For
analyses of habituation, we focused on activity associated with
viewing fearful faces given that fear is accompanied by a
marked habituation response, whereas surprise is not (Whalen
and Phelps, 2009). To test whether differences in amygdala ac-
tivity across the course of the experiment differed based on dif-
ferences in valence bias, amygdala habituation to clearly
valenced (fearful) faces (i.e. b values for early > late trials) was
correlated with valence bias across participants. Habituation in
the left amygdala was negatively correlated with valence bias
[r(49)¼0.3122, P ¼0.0257; Figure 6], indicating that individuals
who show less habituation in the amygdala are more likely to
rate surprised faces negatively. This relationship was not
observed in the right amygdala [r(49)¼0.0992, P ¼0.4884].
Psychological–physiological interaction. The PPI analysis aimed to
first identify regions functionally connected to the amygdala in
Fig. 4. Activity for surprised relative to neutral faces in a region recruited during explicit emotion regulation. (A) Activity in the left middle frontal cortex correlated
with reappraisal success, such that greater activity was associated with greater success, and (B) activity in the same region also correlated with valence bias, such that
greater activity was associated with a more positive bias.
Fig. 5. Amygdala pattern similarity between Surprise and Maintain trials corre-
lated with valence bias; b values from each voxel in the amygdala were corre-
lated between Surprise and Maintain trials for each participant separately,
producing values of pattern similarity. These similarity scores were positively
correlated with valence bias, such that individuals with a more negative bias
showed more similar patterns of activation between Surprise and Maintain.
This provides some evidence linking the negative bias with the initial (i.e. not
regulated) response to surprised faces.
N. M. Petro et al. | 693
Surprise relative to Neutral trials. This analysis revealed two
regions that showed inverse connectivity with the amygdala.
One region was located in the right middle cingulate cortex
(peak-z¼4.50, k¼ 89; x¼7.5, y¼ 35, z¼10), and the second
was located in the left rectal gyrus (peak-z¼4.72, k¼ 94; x¼ 1.5,
y¼23, z¼ 33), consistent with previous work (Gee et al., 2013).
Next, we identified regions showing different degrees of
Surprise > Neutral amygdala connectivity as a function of va-
lence bias. No clusters survived thresholds in either positive or
negative directions. As a follow-up analysis, we implemented a
more lenient cluster-wise threshold of P¼0.05 and limited our
search to voxels in overlapping with the Reappraise > Maintain
regions. Overlapping voxels were observed between seven of
the nine Reappraise > Maintain regions and voxel clusters
showing a positive relationship between amygdala connectivity
and valence bias (i.e. voxels showing greater amygdala connect-
ivity in individuals with a more positive valence bias). In the
medial superior frontal region, a total of 84 voxels across 5 voxel
clusters correlated with valence bias. In the left angular gyrus, a
total of 5 voxels between 2 voxel clusters shared this correl-
ation. In addition, this correlation was observed in 2 voxels
within the left inferior frontal region, 6 voxels within the right
middle frontal region, 6 voxels in the right posterior middle
frontal, 2 voxels in the right inferior frontal region and 14 voxels
in the right cerebellum. The results from this exploratory ana-
lysis indicate that these regions sensitive to explicit emotion
regulation show more negative connectivity with the amygdala
in individuals with a more positive valence bias.
Discussion
The findings in the present study suggest that one mechanism
underlying individual differences in valence bias is the differen-
tial activity in brain regions sensitive to explicit emotion regula-
tion. First, the left middle frontal gyrus showed increased
activity during explicit emotion regulation while viewing IAPS
scenes. This same region also showed greater activity for freely
viewed surprised faces in individuals with an increasingly posi-
tive valence bias, and also in individuals with greater emotion
regulation success. Also, a pattern similarity analysis revealed
that individuals with a negative valence bias showed amygdala
responses to surprised faces that were similar to maintaining
negative affect towards negatively valence IAPS scenes during
an emotion regulation task. Taken together, this study supports
the prevailing hypothesis that positive interpretations of am-
biguous stimuli involve mechanisms common to reappraisal
during explicit emotion regulation (Neta and Tong, 2016), and is
consistent with the notion that negative interpretations tend to
be the initial response (Kim et al., 2003; Kaffenberger et al., 2010;
Neta and Whalen, 2010; Neta et al., 2011).
Here, we unpack our findings within the framework of our
primary objectives: (i) To demonstrate that a positive valence
bias is associated with a mechanism common to emotion regu-
lation, (ii) to examine patterns of amygdala activity for evidence
that the initial response is negative and (iii) to examine change
in amygdala activity (habituation) as a function of individual
differences in valence bias.
Positive valence bias is associated with emotion
regulation
Lateral prefrontal regions are important for monitoring and
altering behavior to conform with one’s goals (Miller and
Cohen, 2001), and specifically for emotion regulation ( Ochsner
et al., 2002; Phelps and LeDoux, 2005; see Buhle et al., 2014 for a
meta-analysis of cognitive reappraisal). Much of the research on
emotion regulation varies considerably as to the exact location
of lateral prefrontal regions that are recruited (Delgado et al.,
2008; see also Ochsner and Gross, 2005); however, the regions
we reported overlap with those previously linked with emotion
regulation (Phan et al., 2005; Harenski and Hamann, 2006; Ohira
et al., 2006; Kim and Hamann, 2007). Additionally, left middle
frontal region activity during surprise trials was correlated with
both reappraisal success and valence bias. In the context of ex-
plicit emotion regulation, this region is consistent with previous
studies in which participants are instructed to judge the valence
of ambiguous, non-face stimuli (Grimm et al., 2006; Jung et al.,
2008). But, to our knowledge, this is the first study to examine
how regions that are defined during emotion regulation are also
related to individual differences in valence bias.
The present results highlight the psychological benefits of
successful reappraisal of negative stimuli and the role of pre-
frontal activity during emotion regulation. Successful re-
appraisal is often thought to be related to one’s ability to find a
positive outlook in negative situations, a hallmark of what is
known as resiliency (Tugade and Fredrickson, 2004). As with re-
siliency, results of studies on individual differences in emotion
regulation indicate that better reappraisal success is associated
with increased well-being (Masten et al., 1999; Gross and John,
2003; Phelps and LeDoux, 2005). Neuroimaging results indicate
that mindfulness training can lead to an increase in lateral pre-
frontal cortex activity and a concomitant decrease in anxiety
(Ho¨lzel et al., 2013). Therefore, it appears that perhaps with
training, individuals could improve reappraisal success, and
consequentially well-being. While some have found that mind-
fulness or compassion training improve emotion regulation
(Goldin and Gross, 2010; Jazaieri et al., 2012, 2014) and that mind-
fulness training is associated with decreased amygdala
reactivity to negative stimuli (Goldin and Gross, 2010), future
studies might consider specifically testing the effects of mind-
fulness or other training on prefrontal cortex activity and
whether such training may influence valence bias.
Taken together, these findings suggest that one characteris-
tic of individuals with a positive valence bias is the increased re-
cruitment of mechanisms involved in explicit reappraisal. This
Fig. 6. Amygdala habituation correlated with valence bias. Individuals with a
more negative valence bias showed weaker amygdala habituation, as repre-
sented by greater activity for fearful faces in early relative to late trials.
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is consistent with our hypothesis that one strategy associated
with positive valence bias is the reappraisal of the initial nega-
tive interpretation of an ambiguous emotional expression.
While other emotion regulation strategies involve distancing
or suppressing the negative alternative, a positive valence bias
is most likely related to (re)interpreting an ambiguous expres-
sion as having a positive meaning. Whether such regulation of
ambiguous expressions is implicit or explicit, however, should
be subject to future research. Indeed, implicit and explicit emo-
tion regulation have been associated with dissociable neural
networks (Gyurak et al., 2011; Etkin et al., 2015). However, activity
in regions demonstrably involved in explicit regulation was also
correlated with what we assume to be a task mostly involving
implicit regulation (freely viewing facial expressions).
One potential consideration is that, even though the behav-
ioral session took place a week before the MRI session, the first
session could have primed participants to evaluate the valence
of the faces that they were instructed to freely view during the
MRI session. Future studies might include a thorough debriefing
in order to determine whether or not participants are evaluating
the valence of the faces and if they are of using an explicit emo-
tion regulation strategy. Regardless, these results suggest that
participants with a positive valence bias recruited emotion
regulation regions when freely viewing surprised faces more
than participants with a negative valence bias.
Patterns of amygdala activity support an initial
negativity
Our pattern similarity results provide additional evidence that
the initial response to surprised faces is negative. Specifically,
the similarity of activation patterns in these amygdala clusters
suggests that while freely viewing surprised faces, individuals
with a more negative valence bias tended to show amygdala ac-
tivity similar to when instructed to maintain their negative rat-
ing of negative IAPS scenes. These findings are consistent with
work that linked changes in amygdala activity patterns to inter-
pretations of morphed facial expressions (Bishop et al., 2015), and
even a valence continuum in olfaction (Jin et al., 2015). We build
on these findings by demonstrating that patterns of amygdala ac-
tivity were associated with stable individual differences in va-
lence bias. These findings also provide further evidence that the
negative interpretation of emotional ambiguity (as represented
by the amygdala response in individuals with a negative bias)
may be more represented in the initial response. Interestingly,
there was not a significant correlation in patterns of amygdala ac-
tivity for reappraisal and surprise faces in individual with a posi-
tive valence bias. This suggests that, although explicit regulation
may overlap with our putative implicit regulation process in
some areas of the brain (lateral prefrontal), the mechanism by
which the amygdala is recruited while freely viewing surprised
faces and reappraising negative emotions may be more distinct.
Weaker amygdala habituation is associated with a more
negative valence bias
Some individual differences in amygdala activity are lost when
examining activation magnitudes (Schuyler et al., 2014), where-
as changes in activity (habituation) offer unique information
associated with stable individual differences. Indeed, we found
that a more negative valence bias was associated with weaker
habituation to clearly negative facial expressions and a con-
comitant increase in negative ratings of surprise as the task pro-
gressed. This is consistent with previous work showing that
both negativity bias and weaker habituation are associated with
trait anxiety (Hare et al., 2008). These findings are also consist-
ent with evidence that weaker habituation is correlated with
weaker amygdala-ventral prefrontal connectivity (Hare et al.,
2008), given that children show weaker habituation and weaker
amygdala-prefrontal connectivity than adults (Guyer et al.,
2008), and they also show a more negative valence bias than
adults (Tottenham et al., 2013).
Importantly, while the amygdala habituates towards stimuli
with clear negative valence, no habituation occurs if stimuli
hold ambiguous valence (see also Whalen and Phelps, 2009), un-
less the surprised faces are presented in a temporal context
that suggests a more clearly negative interpretation (Davis et al.,
2016). Taken together, examining the amygdala response to
stimuli with clear negativity over time offers new insight into
understanding the stable individual differences in valence bias.
Amygdala connectivity may be related to valence bias
The previous analyses demonstrated that valence bias is related
to a set of regions sensitive to explicit reappraisal as well as ac-
tivity in the amygdala. Given that the amygdala is highly con-
nected with multiple cortical regions (Pessoa and Adolphs,
2010), its activity may functionally influence the activity of
these cortical reappraisal regions. In the context of emotional
regulation, inhibition of the amygdala via these frontal func-
tional connections is thought to underlie successful reappraisal
of emotional valence during regulation (Ochsner and Gross,
2005; Urry et al., 2006; Winecoff et al., 2011). The question arises
whether these functional inhibitory connections may be impli-
cated in positive valence bias. This question was explored using
a PPI analysis to assess amygdala connectivity differences be-
tween surprise and neutral trials, and then submitting these
connectivity indices to a correlation with valence bias.
Correlations across all voxels did not survive multiple compari-
son corrections, but were significant at more lenient thresholds
in voxels overlapping with the explicit emotion regulation
regions. These results suggest that individuals with a more
positive valence bias tend to have more negative functional
connections between reappraisal regions and the amygdala
while freely viewing surprised faces. However, future work is
needed to more rigorously test these findings.
Limitations
The commonality in brain activity between explicit emotion
regulation while viewing IAPS scenes and individual differences
in valence bias (in response to surprised facial expressions) does
not necessarily indicate identical mental processes across the
tasks. Instead, the current findings indicate only that similar
regions predict variability in explicit emotion regulation activity
and valence bias. Furthermore, additional brain regions beyond
those studied here (i.e. not sensitive to the emotion regulation
task) may also relate to valence bias differences. Future work will
be useful in providing a more comprehensive description of the
relationship between valence bias and emotion regulation
including the involvement of more widespread brain regions.
In a similar vein, an involvement of the amygdala in valence
bias does not reflect the participants’ negativity prima vista.
Indeed, previous work has shown that the amygdala responds
to both negative and positive information, and could represent
arousal or vigilance (Whalen et al., 1998; Lindquist et al., 2016).
However, in the context of surprised faces, activity in the
amygdala is associated with a more negative interpretation
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(Kim et al., 2003, 2004; note also that the amygdala is more
active towards negative compared to positive emotional scenes;
Lane et al., 1997; Sabatinelli et al., 2005; Straube et al., 2008).
Notably, the coordinates for our amygdala ROIs (left amygdala:
20, 2, 13; right amygdala: 32, 2, 16) are located in the ven-
tral amygdala (z-plane < 10), which tends to activate uniquely
toward negative stimuli (Whalen et al., 2001). Indeed, previous
work has demonstrated that the ventral amygdala primarily
comprises basolateral nuclei and the cortical nucleus, which is
related to the detection and discrimination of presented stimuli,
for example, in terms of their valence (primarily negativity). The
basolateral nuclei (putatively ventral amygdala) send projec-
tions to central nucleus (putatively dorsal amygdala), which
projects to hypothalamic and brainstem target areas (Schwaber
et al., 1982; Amaral et al., 1992), and to all major neuromodula-
tory centers (e.g. cholinergic, dopaminergic, serotonergic and
noradrenergic source neurons; see Kapp et al., 1992). In other
words, dorsal amygdala activation is thought to increase when
the predictive nature of presented stimuli is unclear. Taken to-
gether, there is some evidence that suggests that the ventral
amygdala (our ROIs) is more important for valence/negativity
signals, whereas the dorsal amygdala is more important for
vigilance/arousal (see Whalen et al., 2001; Kim et al., 2003; Neta
and Whalen, 2010). Although future research will be important
for explicitly testing the role of the ventral amygdala in differen-
tiating positive from negative valence that is equally salient/
arousing, there is some evidence that supports the notion that
the amygdala activity reported here are suggestive of a negative
affective response rather than a general increase in arousal.
Furthermore, and perhaps more importantly, if our reported
responses in the amygdala were representing arousal, then we
would predict that both individuals with a positive and a nega-
tive valence bias would show similar responses in amygdala
(e.g. pattern similarity between viewing surprised faces and
negative pictures). Indeed, previous work has shown that there
are no surprise-related skin conductance differences between
positive and negative valence bias groups (Neta et al., 2009). As
such, we do not believe that the differences as a function of
valence bias are attributed to differences in arousal.
Conclusions
The present study elucidates the neural mechanisms underly-
ing individual differences in valence bias and provides support
for the initial negativity hypothesis, which proposes that the
initial response to emotional ambiguity is more negative, and
that positivity is associated with an emotion regulation mech-
anism that allows for overcoming the initial negativity.
Individuals who display more positivity to ambiguity are more
likely to recruit brain regions that are involved with explicit
emotion regulation (reappraisal). Thus, it appears that a posi-
tivity bias might be the result of some emotion regulatory
mechanism that could represent greater resilience when con-
fronted with uncertain negativity. Furthermore, individuals
with a negativity bias respond to surprised faces in a similar
manner as when they are instructed to maintain their natural
response to clearly negative images, further supporting the no-
tion that negativity represents the initial response to ambigu-
ity. Finally, the negativity bias corresponds with increased
negativity over time and a concomitant weaker amygdala ha-
bituation. Thus, individuals who interpret emotional ambiguity
in a positive light may need to overcome the initial response
(i.e. interpreting ambiguity as a potential threat) using neural
mechanisms that are associated with greater resilience and
overall well-being. Future research might set out to determine
if this emotion regulation strategy is a useful intervention for
increasing positivity bias.
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